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TEBWithin the framework of the ACCEPTED project (an Assessment of
Changing Conditions, Environmental Policies, Time-activities,
Exposure and Disease), a high-resolution urban dynamical down-
scaling technique has been applied for the cities of Paris and
Brussels. This paper focuses on the ﬁrst part of the ACCEPTED pro-
ject where simulations of present and future urban climate over
Brussels Capital Region and Grand Paris Region are conducted.
The downscaling strategy was ﬁrst evaluated for a 10-year period
[2001–2010] using ERA-INTERIM re-analysis data. In a next step,
a downscaling simulation for 10-year period 2046–2055 under
the IPCC SRES A1B scenario was performed. Results from our sim-
ulations indicate that while both cities warm substantially for the
2050s horizon (1.6 C and 1.8 C for Brussels and Paris respec-
tively), climate change will have a neutral impact on annual mean
urban heat island (UHI) intensity. The largest and statistically sig-
niﬁcant change of nocturnal (daytime) UHI is noted during winter
(summer) season with an increase (decrease) of +0.2 C (0.1 C)
for both cities. During summer, the decrease in daytime UHI is
directly connected to soil drying over rural areas, while the
increase in nocturnal UHI during the winter can be explained by
the projected decrease of wind speed.
 2015 Elsevier B.V. All rights reserved.
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As a result of intense worldwide urbanization, 50.5% of the global population lived in cities in 2010
(UN-Habitat, 2010) and this proportion will continue to grow in the future. By 2050, according to the
latest UN-Habitat scenario, it is projected that 70% of the worldwide population will be urban resi-
dents. Cities affect the local weather by perturbing the wind, temperature, moisture, turbulence,
and surface energy budget ﬁeld. One very known phenomenon is the so-called urban heat island
(UHI) effect where urban air temperatures are substantially higher than corresponding temperatures
in the surrounding rural areas. The climate in urban areas is among the most important priorities of
the impacts of climate change. Heat waves in the past have demonstrated that urban areas are vul-
nerable to decreased thermal comfort and air pollution episodes (Semenza et al., 1999). For example
in 2003, about 35,000 people died because of a heat wave in Western Europe (Bhattacharya, 2003;
Rosenzweig et al., 2010).
To maintain or even improve the quality of living in cities, urban planners need detailed informa-
tion on future urban climate. However, such information is provided only to a limited degree by the
recent studies using Global Circulation Models (GCMs) (McCarthy et al., 2010; Oleson et al., 2011;
Oleson, 2012). In fact, due to the coarse horizontal resolution of GCMs and since urban surfaces (cities,
towns and settlements) cover less than one percent of the world’s land area (Schneider et al., 2010),
climate change signals projected by GCMs may not capture certain mesoscale features of the urban
heat island. For example, UHI can induce thermodynamically driven regional-scale ﬂows (i.e. the
urban heat island circulation).
Regional Climate Models (RCMs) are widely used to understand meso-scale processes as well as to
downscale climate change projections to the regional scale required for urban impact studies.
McCarthy et al. (2012) used the latest version of the Hadley Centre Regional Climate model
HadRM3 at 25 km resolution coupled to a simple urban land-surface scheme (Best et al., 2006) to
assess the sensitivity of UK urban climates to large-scale greenhouse gas induced climate change, local
forcing from urban land use, and anthropogenic heat ﬂux resulting from energy use in urban areas.
The results show that greenhouse gas induced climate change is similar over both urban and rural land
surfaces suggesting that under a changing climate the relative magnitude of UHIs in the UK would
remain the same. Kusaka et al. (2012a, 2012b) and Adachi et al. (2012) used the Weather Research
and Forecast (WRF) model with a 3 km grid increment coupled to an urban canopy model to study
the projected urban climate for the August months of the 2070s, under the SRES A1B scenario, in
the three largest urban areas in Japan: Tokyo, Osaka, and Nayoga. Using a pseudo global warming
method and thus keeping the current climate CO2 concentration unchanged throughout the sim-
ulation, the results show that the daily mean and diurnal variation of UHI in the future is almost iden-
tical to those of the present climate. More recently, Argüeso et al. (2014) used the WRF model with
2 km spatial resolution to examine the impact of future urban expansion on local near-surface tem-
peratures for Sydney (Australia) using a future climate scenario (A2). Other urban climate projections
generally employ a dynamical downscaling of global climate model information with a regional cli-
mate model, while further high-resolution simulations are often performed using some type of sta-
tistical downscaling approach (e.g. Früh et al., 2011). Alternatively, the regionally downscaled
model output is used to force an ofﬂine land surface scheme (e.g. Town Energy Balance, Masson,
2000) with a resolution of 1 km (Lemonsu et al., 2013). However, because of the ofﬂine mode of these
simulations, the urban heat island signature is not included in the atmospheric forcing. Thus, the con-
tribution and feedback processes induced by urban heat island and climate change are not taken into
account when increasing the horizontal resolution. Recently, Hamdi et al. (2014a) developed a new
method to dynamically downscale a climate change scenario at the city level. First, the regional cli-
mate simulations were performed with a new version of the limited-area model of the ARPEGE-IFS
system running at 4 km resolution called ALARO (Gerard et al., 2009; Hamdi et al., 2012a, 2012b,
2014a; De Troch et al., 2013) coupled with the Town Energy Balance scheme (TEB). Then, in order
to further downscale the regional climate projections to an urban scale, at 1 km resolution, a stand-
alone surface scheme was employed in ofﬂine mode using the forcing coming from the lowest model
level of the 4 km regional climate simulations. The study by Hamdi et al. (2014a) demonstrated that
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and, therefore, the contribution and feedback processes between urban heat island and climate change
are taken into account when increasing the horizontal resolution (see Hamdi et al., 2014a for more
details). The applicability of the method was demonstrated for the Brussels Capital Region (BCR) dur-
ing the summer period 1961–1990. Then, the evolution of the UHI of Brussels for the summer period
2071–2100 was studied in the context of the so-called A1B scenario.
Within the framework of the ACCEPTED project (an Assessment of Changing Conditions,
Environmental Policies, Time-activities, Exposure and Disease, Delcloo et al., 2014a), an observational
and modeling approach is set up to improve our understanding of future exposure situations and their
impact on health to a mid-century horizon 2050s accounting for the effects of a changing urban cli-
mate. With applications in several large European cities, including Brussels and Paris, the project will
study the impact of several alternative adaptation scenarios on urban air-quality and human health
(Georgescu et al., 2014; Hondula et al., 2014). This study focuses on the ﬁrst part of the ACCEPTED pro-
ject where simulations of present and future urban climate over the Brussels and Paris areas will be
conducted and used later as input for the regional air-quality model CHIMERE (Delcloo et al., 2012).
In this project, the high-resolution urban dynamical downscaling technique presented in Hamdi
et al. (2014a) will be applied: (i) ﬁrst for the 10-year period 2001–2010, considered as the warmest
period on record in Uccle (Brussels) since modern meteorological records began around the year
1833 (IRM, 2013), (ii) second for the period 2046–2055, more relevant for local policy makers of
the Brussels and Paris areas, who are stakeholders for the ACCEPTED project.
2. Data and methods
In this study two types of simulations have been performed: (i) regional climate simulations and
(ii) urban climate simulations. The experimental setup of both simulations is summarized in
Table 1 and further described in the following Sections 2.1 and 2.2.
2.1. Regional climate simulations
The regional climate model used in this study is ALARO coupled to the land surface scheme SURFEX
(for more details see: Hamdi et al., 2012b, 2014a, 2014b). The physics parameterization package of the
ALARO model has been speciﬁcally designed to be run at convection-permitting resolutions. The key
concept of the package lies in the precipitation and cloud scheme called Modular Multiscale
Microphysics and Transport (3MT) developed by Gerard and Geleyn (2005) and further improved
by Gerard (2007) and Gerard et al. (2009). The multiscale performance of 3MT has been validated
in a regional climate ERA-40 (Uppala et al., 2005) re-analysis-driven simulation over Belgium
(Hamdi et al., 2012a; De Troch et al., 2013). The objective of these studies was to explore the ability
of high-resolution dynamical downscaling using ALARO with the ﬁnest grid size of 4 km to better
represent summer surface air temperature and precipitation over Belgium with emphasis on repro-
ducing the extremes. The ﬁndings demonstrate the ability of ALARO to correctly simulate extreme sur-
face air temperature and precipitation at various horizontal resolutions ranging from a few tens of
kilometers down to 4 km.Table 1
Description of the numerical experiments.
Acronym in the text Coupling Simulation period Resolution (km)
Regional climate simulations
ERA_4 ERA-INTERIM re-analysis 2001–2010 4
HIS_4 ARPEGE-Climate, hereafter CNRM-CM3 1990–1999
FUT_4 ARPEGE-Climate, hereafter CNRM-CM3 2046–2055
Urban climate simulations
ERA_1 ERA_4 2001–2010 1
HIS_1 HIS_4 1990–1999
FUT_1 FUT_4 2046–2055
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2013) based on existing, well-validated scientiﬁc models that are continuously improved have been
implemented in ALARO (Hamdi et al., 2014b). The coupling strategy relies on a simple interface to allow
implicit coupling between the atmosphere and the tiled surface proposed by Best et al. (2004). SURFEX
can be run either in a coupledmodewith ALARO, in which case they exchange surface ﬂuxes and atmo-
spheric forcing at every time step, or in a stand-alone mode where the atmospheric drivers are derived
either fromobservations ormodel output and fed to the surface scheme in ofﬂinemode. In SURFEX, each
grid box is made of four tiles: nature, urban areas, sea or ocean, and lake, associated with a speciﬁc
parameterization. Horizontal interaction does not exist between the different surface area tiles. The
coverage of each of these surfaces is known through the global ECOCLIMAP database (Masson et al.,
2003). Sea tiles use the Exchange Coefﬁcients from Uniﬁed Multicampaigns Estimates (ECUME)
parameterization (Belamari and Pirani, 2007). Inland waters use the classical formula of Charnock
(1955). The Interactions between Soil, Biosphere, and Atmospheric model (ISBA, Noilhan and Planton,
1989) is used for vegetated areas and ﬁnally the Town Energy Balance single-layer urban canopymodel
(TEB,Masson, 2000) is used for urban tiles. TEB is based on the canyon concept, where the town is repre-
sented with a roof, a road, and two facing walls. The advantage is that relatively few individual surface
energy balance evaluations need to be resolved, radiation interactions are simpliﬁed, and therefore
computation time is kept low.Water, energy, andmomentum ﬂuxes are computed by each parameter-
ization and then aggregated at the grid-mesh scale according to the cover fraction of each tile.
The spatial setup is the same as in Hamdi et al. (2014a) which is composed of two domains: (i) a
parent domain encompassing most of Western Europe, run with 20 km horizontal resolution and cen-
tered at 46.47N, 2.58E with 149 physical grid points in the east–west and north–south directions
(see Fig. 1 in Hamdi et al., 2014a), (ii) a 4-km one-way nested domain centered at 50.57N, 4.55E,
with 181 physical grid points in the east–west and north–south directions (see Fig. 1a). Both the
20 km and 4 km domains are vertically divided into 46 layers with the height of the lower layer center
at about 17 m above the ground. The downscaling procedure is the same as in Hamdi et al. (2014a).
To summarize, the regional climate simulations consist of three different simulations (see also
Table 1) where ALARO coupled to SURFEX at a spatial resolution of 4 km is forced with:
(1) ERA_4: ERA-INTERIM re-analysis data (Dee et al., 2011) for the last decade 2001–2010
representing present climate conditions.
(2) HIS_4: Historical global climate simulations from the ARPEGE-Climate (Gibelin and Déqué,
2003) GCM from Météo-France, hereafter referred to as CNRM-CM3, for the last available dec-
ade 1990–1999 which is considered in this study to represent the 10-year mean climate for pre-
sent conditions. The output of this last simulation will be used to evaluate the consistency
between the ERA-INTERIM and CNRM-CM3 driven results.
(3) FUT_4: CNRM-CM3 for the time slice 2046–2055 resulting from the IPCC SRES A1B scenario,
allowing to estimate future climate changes.
The main greenhouse gases explicitly taken into account in the radiative model of ALARO are car-
bon dioxide (CO2), methane (CH4), nitrous oxide (NO2), and chloroﬂuorocarbons CFC-11 and CFC-12.
The ALARO model uses the same gas concentrations as CNRM-CM3.
2.2. Urban climate simulations
In order to further downscale the regional climate projections to an urban scale, enabling a sim-
ulation of Brussels and Paris and its surroundings, the SURFEX land surface modeling system is
employed in ofﬂine mode using the forcing coming from the lowest model level of the 4 km regional
climate simulations. Analogous to the regional climate simulations, three urban climate simulations
can be distinguished: ERA_1, HIS_1 and FUT_1 (see Table 1). Two domains with 1 km horizontal res-
olution were selected (Fig. 1b and c): (i) 30 km  30 km covering the Brussels Capital Region (BCR) and
(ii) 55 km  55 km covering the Grand Paris Region (GPR). The present day land cover types within
these domains include 16 and 21 land-use land-cover classes, for BCR and GPR respectively, provided
by the ECOCLIMAP database (Masson et al., 2003). For both BCR and GPR, the urban areas are described
Fig. 1. (a) Domain for the 4 km regional climate simulations with the fraction of urban area from ECOCLIMAP. Bottom, map of
the 1 km domain over Paris (b) and Brussels (c) showing the topography [m]. The black circle indicates the location of the Paris-
Montsouris urban station and the rural station Melun for GPR and the Uccle sub-urban station with the rural Brussegem station
for BCR.
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For these urban tiles, geometrical, thermal and radiative properties of roofs, walls and roads were set
to values representing the contemporaneous setting provided by the ECOCLIMAP database and are
kept constant for all simulations. The version of TEB used in this study did not include the ground-
based vegetation inside the canyons such as private gardens and backyards as well as trees inside
the street, green roofs and walls (see Lemonsu et al., 2012 for more details). The main types of veg-
etation surrounding the two agglomerations are composed of crops, and temperate coniferous forest
and broad-leaves forest for Brussels and Paris, respectively. All radiative, thermal and soil properties
(albedo, roughness length, emissivity, thermal inertia, leaf area index, etc.) of vegetation tiles are pro-
vided by the ECOCLIMAP database for each month but they remain ﬁxed from year to year through the
simulation. TEB also has an internal building temperature model that permits climate-controlled
internal temperatures to interact with the natural climate outdoors. To mimic space heating/cooling
a ﬁxed minimum internal buildings temperature of 19 C is speciﬁed (Pigeon et al., 2008). All other
anthropogenic heat sources from industry and trafﬁc were set to zero.
The forcing data provided to SURFEX consists of 1-hourly data for: air temperature, speciﬁc humid-
ity, atmospheric pressure, incoming shortwave radiation, incoming longwave radiation, precipitation
rate, and wind speed and direction, derived from the 4-km resolution regional climate simulations
described in the previous section. These 4-km resolution atmospheric forcing are ﬁrst projected on
Fig. 2. The present day dominant (in percentage) urban class for each grid box of the Brussels (a) and Paris (b) domain provided
by the ECOCLIMAP database. White color represents natural areas. The black circle indicates the location of the Paris-
Montsouris urban station and the rural station Melun for GPR and the Uccle sub-urban station with the rural Brussegem station
for BCR. The black square indicates the location of the city center.
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get data with the time resolution of the integration scheme of SURFEX (300 s). As in the experimental
set-up of Hamdi et al. (2014a), SURFEX is coupled to a surface boundary layer (SBL) scheme following
the methodology described in Hamdi and Masson (2008) and Masson and Seity (2009). Six prognostic
air layers (0.5, 2, 4, 6.5, 10, and 17 m above the ground) are therefore added from the ground up to the
lowest ALARO level which is the forcing level.
2.3. Station data
The ERA_4 simulations are validated against an observational database retrieved from the climato-
logical network of the Royal Meteorological Institute of Belgium (RMI). It consists of 90 stations mea-
suring daily minimum (T_MIN) and maximum (T_MAX) temperature and 138 stations measuring
accumulated daily precipitation dispersed around Belgium. Measurements provided by this climato-
logical network have been extensively used for recent climatological analysis (Hamdi et al., 2012a,
2014a; De Troch et al., 2013; Giot et al., 2014).
The ERA_1 simulations over BCR are validated against measurement obtained at the national
recording station of the RMI which belongs to the synoptic network where more variables at a greater
temporal frequency are measured. It is situated some 6 km south of the city center of Brussels in the
Uccle suburb, at 50.80N and 04.35E, and at 104 m above sea level. The strength of the UHI of BCR is
validated using the daily minimum and maximum temperature time series observed at a rural
climatological station, Brussegem, situated 13 km from the city center of Brussels.
The ERA_1 simulations over GPR are validated using data from the meteorological stations located
at Paris-Montsouris and Melun. The Paris-Montsouris station, 48.81N and 02.33E, is taken as repre-
sentative for urban climate conditions (Lemonsu and Masson, 2002; Sakar and De Ridder, 2010;
Wouters et al., 2013). We note that this urban station is located in a small park which is not repre-
sented by the 1 km horizontal resolution ECOCLIMAP database (see Fig. 2b). The Melun station,
48.61N and 02.68E, is located at about 35 km from the city center of Paris. It is located in the middle
of agricultural ﬁelds and grassland, thus constituting a representative rural station.
3. Results and discussion
3.1. Evaluation of the regional climate simulation
Fig. 3a and c shows the spatial distribution of 10-year average T_MIN and T_MAX respectively. The
bias (model minus observed) of the ERA_4 simulations to the observations is plotted at the bottom
Fig. 3. The spatial distribution of 10-year average minimum (a) and maximum (b) temperature and daily accumulated
precipitation (c). The bias (model minus observed) of the ERA_4 simulations to the observations from the climatological
network of the RMI is plotted at the bottom (d, e, and f) for minimum and maximum temperature and daily precipitation
respectively. For temperature, the Paris-Montsouris and Melun stations are also included. The corresponding model values are
taken from the closest grid point to the observation station. The black box in (e) show the analysis sub-region used in
Section 3.3.3.
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ents present in the observations such as the orographic cooling in the south eastern part of Belgium
and the higher T_MAX values in the north eastern part due to sandy soils. Also, the UHI effect is repre-
sented by the model and as expected most notably visible in T_MIN. Aside from Brussels and Paris,
other large cities can be located on the map. In Fig. 3e, the mean spatial precipitation ﬁeld in mm/day
is shown. Again, a clear orographic forcing is present, but the urbanized areas over Belgium do not
clearly perturb the rain ﬁeld (a detailed study about the effect of urban areas on precipitation will
be published in a subsequent paper). Overall, the modeled values are again in correspondence with
the observed values.
To assess whether the model is able to realistically represent temporal variability, the monthly
mean values of T_MAX, T_MIN and precipitation are presented in Fig. 4 for observed (continuous
curve) and modeled ERA_4 values (dashed curve). All values are means over the set of observations
and the corresponding model values are taken from the closest grid point to the observation station.
The horizontal lines represent yearly means and the mean bias is quoted in the bottom left of each
ﬁgure.
Obviously, the monthly mean temperatures are dominated by the yearly cycle. For T_MAX, a sys-
tematic cold bias of approximately 0.6 C is present for all yearly means and in general also for the
monthly means independent of the month of the year. For T_MIN, at ﬁrst inspection of the yearly
means the bias seems to be negligible on this scale. A more detailed study however shows that the
intra-annual bias is not. The summer months seem to have a warm bias, while the winter months have
a cold bias which cancel in the annual bias. The biases values of monthly average minimum and maxi-
mum temperature for all stations are mostly between [2 C; 2 C].
For precipitation no clear yearly cycle is apparent: for a given month the inter-annual variability is
as large as the intra-annual variability between different months. Both on the monthly and yearly
Fig. 4. The monthly mean values of minimum (a) and maximum (b) temperature and (c) daily precipitation: observed
(continuous) and calculated from the ERA_4 simulations (dashed). All values are means over the set of observations and the
corresponding model values are taken from the closest grid point to the observation station. The horizontal lines represent
yearly means and the mean bias is quoted in the bottom left of each plot.
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result shows that the model itself is capable of generating realistic ﬁelds on large time-scales, since
precipitation is not a prescribed ﬁeld, whereas temperature is given as a boundary condition for the
simulations. All results show that ALARO coupled to SURFEX is able to realistically reproduce observed
temperatures and precipitation.
3.2. Evaluation of the urban climate simulation
3.2.1. The urban heat island
3.2.1.1. Spatial aspect. The spatial pattern of the UHIi for each grid point i is deﬁned as:UHIi ¼ Ti  Trur
where Ti is the 2 m temperature for each grid point i of the entire 1-km domain and Trur is the 2 m air
temperature averaged over the rural grid points within the entire 1-km domain (100% nature, white
color in Fig. 2, note that the 10-year average standard deviation of the natural spatial variability of the
minimum and maximum temperature within these rural grid cell is about 0.4 C and 0.3 C, respec-
tively, for BCR and 0.5 C and 0.5 C, respectively, for GPR). This difference is analyzed for daily mini-
mum and maximum temperature also referred to as the nocturnal (UHI_N) and daytime (UHI_D)
urban heat island, respectively. Fig. 5 presents the spatial distribution of the 10-year average UHI
for BCR and GPR calculated from the ERA_1 experiments. The images show a contrasting daytime
and nighttime heat island patterns, reﬂecting the different day and night rates of heating and cooling
Fig. 5. The spatial distribution of the 10-year average UHI for GPR (a and b) and BCR (c and d) calculated from ERA_1
experiments. The value at the city center is indicated at the top of each sub-ﬁgures. Note that the legends of UHI_N and UHI_D
are different for both cities. The black circle indicates the location of the Paris-Montsouris urban station and the rural station
Melun for GPR and the Uccle sub-urban station with the rural Brussegem station for BCR.
168 R. Hamdi et al. / Urban Climate 12 (2015) 160–182between urban, suburban, and rural areas. During the night (Fig. 5a and c), the highest values occur in
the center of the city (see black square in Fig. 2), with 1.6 C for BCR and 2.6 C for GPR, while the val-
ues gradually decrease toward the outskirts. This can be explained by: (i) the higher heat capacity of
the large buildings, which, in combination with the lower albedo, delays the cooling compared with
the environment (more explanation can be found in Hamdi and Schayes (2008)), (ii) radiation trapping
effects in street canyon, and (iii) the limited evapotranspiration which prevents evaporative cooling of
urban areas. It can further be noticed that lower values are obtained over park surfaces (see Fig. 2) in
the GPR and in the BCR suggesting that vegetated areas in the residential suburbs may have been con-
ducive to evaporative and radiative cooling. It is also apparent that the UHI is predominantly a noc-
turnal phenomenon.
During the daytime (Fig. 5b and d) and due to the thermal advection of warm air upstream, the
highest values of the UHI_D occur downwind from the urban areas (Zhang et al., 2011) following
the prevailing wind direction (south-west for BCR; south-west and north-east for GPR). Also, the
industrial surfaces (see Fig. 2) with lower thermal inertia and unobstructed sky view are consistently
warmer than the downtown suburbs and park surfaces in agreement with previous studies (Früh
et al., 2011; Dousset et al., 2011). It can further be noticed that the nighttime and daytime UHI is low-
est in the south-eastern part of the BCR (Fig. 5d). This can be explained by the presence of the Sonian
Forest which lies in the south of Brussels. This cooling effect is also simulated for the neighboring
developed suburban areas (up to 2 km) of the Sonian Forest, in agreement with previous studies
(Eliasson, 1996; Ng et al., 2012).3.2.1.2. Evaluation with in-situ measurement at Paris-Montsouris and Uccle. For this section only, the UHI
intensity is deﬁned as the difference in temperature between the suburban station Uccle and the rural
station Brussegem and between the urban station Paris-Montsouris and the rural station Melun. We
notice that the topographic difference was neglected in the calculation of the UHIs. Fig. 6 presents the
Fig. 6. The 10-year averaged monthly nocturnal (UHI_N) and daytime (UHI_D) urban heat island observed (continuous) and
calculated from the ERA_1 simulations (dashed) at Paris-Montsouris (a and b) and Uccle (c and d). The vertical bars present ±the
standard deviation of the observations.
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Montsouris and Uccle.
For the Paris-Montsouris urban station (Fig. 6a and b), the UHI_N is much higher than the UHI_D
throughout the year. The 10-year average of the observed UHI_N is 2.1 C (2.2 C modeled) against
0.3 C for the observed UHI_D (0.9 C modeled). For both UHI_N and UHI_D, the seasonal cycle is less
pronounced at Paris-Montsouris but has two maximums for the UHI_N in April and September and
weaker values during the winter, although there is considerable daily variability within any given
month (as described by the standard deviation). In contrast, maximum temperatures are only a little
larger or even smaller in the summer months and larger in the winter months compared with the rural
station Melun. The seasonal pattern and inter-monthly variability of the observed UHI_D is therefore
less marked with the average being largest in December (0.8 C) and smallest in July (0 C). Except for
the overestimation of the UHI_D, which is partly due to the fact that the Paris-Montsouris station is
located in a small park, the model succeeds in reproducing all these observed features of the urban
heat island at Paris-Montsouris.
For the Uccle suburban station (Fig. 6c and d), the seasonal cycle is more pronounced for both
UHI_N and UHI_D. The 10-year average of the observed UHI_N is 0.8 C (0.7 C modeled) against
0 C for the observed UHI_D (0.1 C modeled). The UHI_N is positive throughout the whole year and
speciﬁcally increased in the warm period with also two maximums in April and September and
weaker values during the winter, although there is also a considerable daily variability within any
given month. Contrary to what is found for the urban station Paris-Montsouris, the UHI_D at Uccle
presents a clear seasonality with the average being largest in July (0.7 C) and smallest in December
(0.5 C). Except for the overestimation by 0.5 C of the UHI_D during winter, the model also succeeds
in reproducing all these observed features of the urban heat island at Uccle.
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The difference in relative humidity between urban and rural areas may have implications on
human comfort indicators during heat waves and cold periods. The elevated inner city temperatures
and greater soil moisture availability in rural areas result in lower relative humidity for BCR and GPR
as presented in Fig. 7a and b. The urban areas are found to be drier in all months (up to 9% for GPR in
April and June, see Fig. 7e) and all hours (not shown), which was also found for other cities (Lodz,
Fortuniak et al., 2006; Chicago, Ackerman, 1987). The model reproduces correctly this difference
but seems to underestimate the relative humidity during the warm season for both the urban and
rural areas of BCR and GPR.Fig. 7. Top: The spatial distribution of the 10-year average relative humidity for GPR (a) and BCR (b), the value at the city center
is indicated at the top of each sub-ﬁgures. Bottom: The 10-year averaged monthly observed (continuous) and modeled (ERA_1,
dashed) relative humidity at Melun and Paris-Montsouris (c and d) and at the Uccle station (g). For Brussegem (f), only the
modeled values are plotted (no observations of relative humidity are available for Brussegem). The difference in relative
humidity between the respective urban and rural stations is plotted in the third column (e and h). The vertical bars present the
±standard deviation of the observations.
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Wind speed is one of the most signiﬁcant meteorological parameters that inﬂuence the develop-
ment and the intensity of the UHI effect. As can be seen from Fig. 8a and b the model reduces the wind
speed over the city center due to the urban morphology with an average wind speed of 1.3 m s1 for
GPR and 1.7 m s1 for BCR versus 4.0 and 4.2 m s1 for the selected rural stations Melun and
Brussegem respectively. The model reproduces correctly the observed seasonal cycle of the wind
speed at 10 m for the rural station Melun and 17 m for the suburban station Uccle, with less wind
speed during the summer. However, the model seems to underestimate by 1.7 m s1 the wind speed
observed at the Paris-Montsouris urban station. We note that this urban station is located in a small
park which is not represented by the 1 km horizontal resolution ECOCLIMAP database. It can further
be noticed that higher values (3 m s1, Fig. 8a) are simulated by the model over park surfaces in the
GPR (see Fig. 2), which correspond to the value observed at the Paris-Montsouris station. Also, inFig. 8. Top: The spatial distribution of the 10-year average wind speed for GPR (a) and BCR (b), the value at the city center is
indicated at the top of each sub-ﬁgures. Bottom: The 10-year averaged monthly observed (continuous) and modeled (ERA_1,
dashed) wind speed at Melun and Paris-Montsouris (c and d) and at the Uccle station (f). For Brussegem (e), only the modeled
values are plotted (no observations of wind speed are available for Brussegem). The vertical bars present ±the standard
deviation of the observations.
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suburban station and the seasonal cycle is less pronounced at Paris-Montsouris.3.2.4. Precipitation and cloud cover
Fig. 9 presents a comparison of the observed and modeled 10-year average monthly precipitation
(a) at Uccle and cloud cover (b) at Melun. For both GPR (not shown) and BCR (Fig. 9a), the magnitude
of the precipitation is minimal in April and September, which are the same months during which the
daytime sky cover is minimal in April–September (see Fig. 9b for GPR). This may explain the peaks in
the nighttime UHI magnitude observed in GPR and BCR during these two months. Taken together, pre-
cipitation and cloud cover appear to explain much of the monthly variation in urban–rural tempera-
ture differences over these two regions. In fact, daytime clouds have a direct impact on incoming short
wave radiation and thus on the surface energy budget. It is expected that more clouds results in lower
surface temperature, less absorption of shortwave energy, and therefore less emission of heat during
the night. According to Unger et al. (2001), the seasonal UHI pattern may be determined to a high
degree by urban surface factors and cloudiness, and wind speed may play a negative role on the devel-
opment of UHI.
The overall shape of the seasonal variability of precipitation is correctly reproduced by the model,
however, the model seems to underestimate the cloud cover during the cold season (October–March)
for both regions. This bias is related to the underestimation of the occurrence of overcast conditions
(Cloud Fraction > 80%). In fact, the diagnostic of total and partial cloud cover (low, medium, high,
and convective) is computed in the model with two possible assumptions: (i) random overlap and
(ii) maximum overlap of adjacent clouds, of which the latter is used in this study. When using the
maximum overlap, the occurrence of cloud covers near 100% is clearly underestimated with respect
to the observed frequencies (Hamdi et al., 2012a). We note also that the original cloud cover observa-
tions are rounded only to the nearest 10% (NCDC, 2000).3.2.5. Surface energy ﬂuxes
Fig. 10 presents the diurnal evolution of the 10-year average surface energy balance for Melun and
Paris-Montsouris (a and b) and Brussegem and Uccle (c and d) calculated from ERA_1 experiments.
Shown are net radiation Q⁄, sensible heat ﬂux Qh, latent heat ﬂux Qe, and storage heat ﬂux Qs. Note that
the sign convention is positive-downwards (negative ﬂux is cooling the surface).
During daytime, the net radiation difference between Paris-Montsouris (Fig. 10a) and Melun
(Fig. 10b) is positive, the city center gains more energy compared with the rural site, an effect mainly
controlled by the low effective urban albedo. The midday difference is typically around +5 Wm2
(+2Wm2 between the city center of Brussels and Brussegem, see Fig. 10c and d), which is in agree-
ment with observations (Cleugh and Oke, 1986; Mestayer et al., 2005; Christen and Vogt, 2004) and
modeling simulations (Grimmond and Oke, 1999; Masson, 2000; Martilli et al., 2002; Hamdi andFig. 9. The 10-year averaged monthly observed (continuous) and modeled (ERA_4, dashed) precipitation (mm/day) at Uccle (a)
and cloud fraction (%) at Melun (b). The corresponding model values are taken from the closest grid point to the observation
station.
Fig. 10. The diurnal evolution of the 10-year average surface energy balance for Melun (a), Paris-Montsouris (b), Brussegem (c),
and Uccle (d) calculated from the ERA_1 experiments. Shown are net radiation Q⁄, sensible heat ﬂux Qh, latent heat ﬂux Qe, and
storage heat ﬂux Qs. Note that the sign convention is positive-downwards (negative ﬂux is cooling the surface).
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Melun rural site with a typical difference of 8Wm2 (6Wm2 between the city center of Brussels
and Brussegem). Daytime Qh values are typically twice as large in the urban areas as in the rural sur-
roundings (2.03 between Paris-Montsouris and Melun and 1.99 between Uccle and Brussegem). The
magnitude of maximum daytime Qh is characteristically around 63% of the maximum daytime net
radiation in the Paris-Montsouris station, 50% at the suburban Uccle, and 32% and 25% for the
Melun and Brussegem rural sites, respectively. Contrarily to the Uccle suburban and rural sites
Melun and Brussegem, where Qh is negative during the night, the sensible heat ﬂux for the Paris-
Montsouris station remains positive. This means that the feedback of energy to the surface during
nighttime is able to counterbalance and even overcome the radiation loss. Also, we note that the sen-
sible heat ﬂux at urban and suburban sites remains positive for a few hours after sunset which is in
agreement with other studies (e.g. Wouters et al., 2013). Daytime maximum values of Qs are typically
twice as large in the urban areas as in the rural surroundings (2.36 between Paris-Montsouris and
Melun and 1.93 between Uccle and Brussegem). Daytime maximum values of Qs at the Paris-
Montsouris station are 44% (34% at the suburban Uccle station) of daytime maximum Q⁄. The daily
peak values are reached 1–2 h before the maximum intensity of Q⁄ is reached. The heat stored during
the day is released during the evening which slow down urban surfaces cooling. For Paris-Montsouris
and Uccle station, the surfaces starts to release stored energy after 1600 UTC, 2 h before Q⁄ changed
sign, which maintains an up-ward directed sensible heat ﬂux during the evening. Finally, as one could
expect during the day the latent heat ﬂux Qe is very weak for the city center because of the low natural
174 R. Hamdi et al. / Urban Climate 12 (2015) 160–182surface rate. It reaches the maximum value of 40Wm2 for Paris-Montsouris. It is much higher for the
suburban Uccle (74 Wm2) and rural areas: 160 Wm2 for Brussegem and 152 Wm2 for Melun.
3.3. Future climate of Brussels and Paris
Table 2 presents the seasonal and annual mean temperature increase (FUT_1-HIS_1) for the 2050s
horizon under the A1B emission scenario for the city center of Brussels, the rural (Brussegem) station,
the city center of Paris and the rural (Melun) station. Both the city center and rural areas warm sub-
stantially in response to greenhouse induced climate change. The annual mean temperature increase
is about 1.6 C and 1.8 C for the city center of BCR and GPR respectively. The comparison between the
city center and the rural areas indicates, however, that the city center of Paris warms less than the
rural areas during the summer and that the city center of Brussels warms more than the rural areas
during the winter. Therefore, the urban to rural contrast will be altered. Indeed, the largest
decrease is noted for GPR during the summer 0.2 C which represents 9% of the greenhouse
induced climate change at the rural areas surrounding Paris and the largest increase is noted for
BCR during the winter +0.2 C which represents +22% of the greenhouse induced climate change at
the rural areas surrounding Brussels.
3.3.1. The urban heat island
Table 3 presents the seasonal variation of the 10-year average nocturnal and daytime UHI at the
city center of Brussels and Paris calculated from: (i) ERA_1, (ii) HIS_1, and (iii) FUT_1 minus HIS_1.
It can be noticed that, except for the fall season where the difference is statistically signiﬁcant at
95% conﬁdence level according to Student’s t-test, the ERA_1 and HIS_1 runs has a comparable mag-
nitude of the nocturnal urban heat island of Paris and Brussels. We note that the forcing coming from
the HIS_4 experiment has a small average warm bias with 0.3 C for T_MAX and 0.4 C for T_MIN. It is
apparent that the urban heat island is predominantly a nocturnal phenomenon in the HIS_1 sim-
ulations in agreement with the ERA_1 experiments and the observations. However, for both cities,
the HIS_1 runs have higher values (statistically signiﬁcant) of the daytime urban heat island during
spring and winter. During the summer and fall seasons, comparable values are obtained for Paris while
less (statistically signiﬁcant) values are obtained for Brussels. In the future climate and for both cities,
the largest and statistically signiﬁcant changes of the nocturnal urban heat island is noted during the
winter season with an increase of +0.2 C and the largest and statistically signiﬁcant changes of the
daytime urban heat island is noted during the summer season with a decrease of 0.1 C. This analysis
conﬁrms the results of Hamdi et al. (2014a) that the magnitude of the urban heat island of Brussels is
not static under climate change.
Currently there is no consensus in the recent literature on the UHI response to climate change.
McCarthy et al. (2010) investigated the changes in the UHI intensity under doubled CO2 conditions
and anthropogenic heat scenarios using the Hadley Center Global Climate Model (HadAM3) atmo-
sphere-only with prescribed sea surface temperature. In their study, McCarthy et al. (2010) included
an urban land surface scheme (Best et al., 2006) within HadAM3. The results show that climate change
can modify the climatic potential for UHIs, with increases of 30% in some locations, but a global aver-
age reduction of 6%. Similarly, Oleson et al. (2011) used the Community Atmosphere Model version 3.5Table 2
The seasonal and annual mean temperature increase (FUT_1-HIS_1, in C) for the 2050s horizon under the A1B emission scenario
for the city center of Brussels, the rural (Brussegem) station, the city center of Paris and the rural (Melun) station.
Urban center (C) Rural (C)
BCR GPR BCR GPR
Spring 1.8 2.0 1.7 1.9
Summer 1.6 2.0 1.6 2.2
Fall 1.8 1.9 1.8 1.9
Winter 1.1 1.2 0.9 1.1
Annual 1.6 1.8 1.5 1.8
Table 3
The seasonal variation of the 10-year average nocturnal and daytime UHI (in C) at the city center of Brussels and Paris calculated
from: (i) ERA_1, (ii) HIS_1, and (iii) FUT_1 minus HIS_1. Signiﬁcant results of the Student’s t-test at the 95% conﬁdence level are
shown with ⁄. Bold values present the largest and statistically signiﬁcant changes.
UHI_N (C) UHI_D (C)
ERA_1 HIS_1 FUT_1-HIS_1 ERA_1 HIS_1 FUT_1-HIS_1
Paris city center
Spring 2.8 2.8 0.13 1.2 1.6⁄ 0.10⁄
Summer 2.7 2.7 0.17⁄ 1.1 1.1 0.14⁄
Fall 2.7 2.9⁄ 0.12 1.2 1.2 0.08⁄
Winter 2.2 2.2 0.23⁄ 1.2 1.4⁄ 0.06⁄
Brussels city center
Spring 1.8 1.8 0.15⁄ 0.4 0.8⁄ 0.07⁄
Summer 1.8 1.8 0.10 0.6 0.2⁄ 0.11⁄
Fall 1.7 1.9⁄ 0.12 0.6 0.5⁄ 0.04
Winter 1.2 1.2 0.22⁄ 0.5 0.6⁄ 0.07⁄
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present day through the end of the twenty-ﬁrst century under an IPCC Fourth Assessment Report
(AR4) A2 scenario. The results show that under simulation constraints of no urban growth and iden-
tical urban/rural atmosphere forcing, the urban to rural contrast decreases slightly by the end of the
century. This study has been expanded in Oleson (2012) to analyze climate change simulations being
performed for the IPCC AR5 as part of the Coupled Model Intercomparison Project 5 (CMIP5).
Speciﬁcally, the response of urban and rural areas is computed for present-day conditions and three
plausible trajectories of future climate conditions (Representative Concentration Pathway, RCPs).
The results show that the average UHI at the end of the twenty-ﬁrst century is similar to present
day in RCP2.6 and RCP4.5, but decreases in RCP8.5. However, Oleson (2012) found that the nocturnal
UHI will be expected to decrease during the winter over Europe which is in contradiction with the
results from the present study. Finally, Hara et al. (2010) investigated the changes in UHI intensity
of Tokyo metropolitan area using a high-resolution numerical climate model (WRF) including an
urban canopy sub-model. The future climate run was conducted using Pseudo-Global-Warming
method assuming the boundary conditions in 2070s estimated by a GCM under the SRES A2 scenario.
The simulations results indicated that the nocturnal UHI would be enhanced more than 20% during the
winter season.
Fig. 11 presents the spatial distribution of the 10-year average nocturnal urban heat island during
the winter (top) and daytime urban heat island during the summer (bottom) for Paris calculated from:
HIS_1 minus ERA_1 (a and d), HIS_1 (b and e), and FUT_1-HIS_1 (c and f). Signiﬁcant results of the
Student’s t-test at the 95% conﬁdence level are shown with a ‘‘+’’ in (c) and (f). During the winter
(Fig. 11c), the nocturnal UHI presents a statistically signiﬁcant increase over the city center and the sub-
urban areas. In contrast, during the summer season (Fig. 11f), the future daytime UHI decreases (sta-
tistically signiﬁcant) over the dense urban areas and the suburban areas located downwind from the
city center. Also, during the summer, there is a statistically signiﬁcant increase of UHI_D over the
north-east and north-west rural areas. Thus, these rural areas are warming more than urban during
the summer daytime. This is linked to a decrease of8% (not shown) in the relative humidity over these
rural areas. The same ﬁndings are obtained for BCR (not shown). These results are directly connected to
the soil drying over rural areas (not shown), and thus conﬁrm the results of Oleson (2012), Lemonsu
et al. (2013) and Hamdi et al. (2014a). However, during the winter, the changes in relative humidity
are very small and similar over rural and urban areas of BCR and GPR (not shown). This indicates that
the changes in the nocturnal UHI during the night are not related to changes in relative humidity.3.3.2. Wind speed
Fig. 12 presents the spatial distribution of the 10-year daily average 10 m wind speed (WS) during
the winter (top) and summer (bottom) for GPR calculated from: (i) HIS_1 minus ERA_1 (a and d), HIS_1
Fig. 11. The spatial distribution of the 10-year average nocturnal urban heat island during the winter (top) and daytime urban
heat island during the summer (bottom) for Paris calculated from: HIS_1 minus ERA_1 (a and d), HIS_1 (b and e), and
FUT_1-HIS_1 (c and f). Signiﬁcant results of the Student’s t-test at the 95% conﬁdence level are shown with a ‘‘+’’ in (c and f).
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negligible and similar over rural and urban areas. While, during the winter season (Fig. 12c), the model
projects a decrease of wind speed for the 2050s over both GPR and BCR (not shown). Wind speed is
projected to decrease by 0.5 m s1 and 0.1 m s1 over Melun and Paris-Montsouris station, respec-
tively (by 0.7 m s1 and 0.2 m s1 over Brussegem and the city center of Brussels, respectively). As
it is known the UHI is strongly dependent on wind speed (Oke, 1973) because it promotes the heating
related to radiation with respect to the cooling related to turbulence (Oke, 1987). Therefore, the
increase in the nocturnal UHI during the winter can be explained by the decrease of wind speed.
However, during the winter, the model projects also an increase of stable situations (De Troch and
Delcloo, 2014, personal communication) in the lower atmosphere for both cities. This may tend to
keep pollutants concentrated over urban areas, with the associated negative health effects (Delcloo
et al., 2014b).
3.3.3. Precipitation and cloud cover
Fig. 13 shows the seasonal mean precipitation over a central sub-grid encompassing mainly
Belgium (see box in Fig. 3e) for ERA_4 (black), HIS_4 (hash) and the difference FUT_4-HIS_4 (check-
ered). The annual cycle of precipitation in HIS_4 differs from ERA_4, most notably with drier summers
and wetter winters probably due to a misrepresentation of the large scale ﬂow in CNRM-CM3. The
mean precipitation is projected to decrease in all months for the future period (FUT_4-HIS_4 is nega-
tive). This result should be strictly interpreted as a model sensitivity to the two different sets of
boundary conditions and not as a deﬁnitive statement about the future precipitation regime of
Brussels, for which an ensemble of simulations would be needed to characterize the uncertainty on
the results. However, the changed precipitation rate in this speciﬁc case can be explained by the
increase in number of days without rain (<1 mm/day) from 60% to 69%. Also, the number of days with
cloudiness less than 10% increases from 6% to 8.3%. The reduced precipitation and the increased num-
ber of clear-sky days in the future, directly inﬂuence the surface energy budget over rural areas (see
next section).
Fig. 12. The spatial distribution of the 10-year daily average 10 m wind speed (WS) during the winter (top) and summer
(bottom) for GPR calculated from: (i) HIS_1 minus ERA_1 (a and d), HIS_1 (b and e), and FUT_1-HIS_1 (c and f).
Fig. 13. The seasonal mean precipitation over a central sub-grid encompassing mainly Belgium calculated from: (i) ERA_4 (ﬁrst
bar), (ii) HIS_4 (second bar), and (iii) FUT_4-HIS_4 (third bar).
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Fig. 14 presents the summer-mean diurnal average of FUT_1 minus HIS_1 surface energy ﬂuxes for
Brussegem (a) and the city center of Brussels (b), and for Melun station (c) and the Paris-Montsouris
(d). For both locations, at midday, the latent heat ﬂux at the city center is projected to decrease by
about 10 Wm2 compared to present day, while rural latent heat ﬂux decreases by about
20 Wm2 with the energy partitioned to sensible heat ﬂux instead. As such, urban air temperature
will rise less than rural air temperature in the future. During the day, the downward shortwave radia-
tion (not shown) increases for the city center of Brussels and Brussegem by 23Wm2 at midday
which is in agreement with the increase in the number of cloud free days in the future. The nocturnal
Fig. 14. The summer-mean diurnal average of FUT_1 minus HIS_1 surface energy ﬂuxes for Brussegem (a) and the city center of
Brussels (b), and for Melun station (c) and the Paris-Montsouris (d).
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urban Uccle station, respectively.4. Summary and conclusions
Within the framework of the ACCEPTED project (an Assessment of Changing Conditions,
Environmental Policies, Time-activities, Exposure and Disease, Delcloo et al., 2014a), the high-res-
olution urban dynamical downscaling technique presented in Hamdi et al. (2014a) is applied over
the Brussels Capital Region (BCR) and the Grand Paris Region (GPR). This paper focuses on the ﬁrst part
of the ACCEPTED project where simulations of present and future urban climate over BCR and GPR are
conducted and will be used later as input for the regional air-quality model CHIMERE (Delcloo et al.,
2014b). Regional climate simulations have been performed with a new version of the limited-area
model of the ARPEGE-IFS system running at 4-km resolution called ALARO coupled with the Town
Energy Balance scheme (TEB). However, in order to provide detailed climate change projections at
the urban scale, at 1 km resolution, a stand-alone surface scheme (SURFEX) was employed in ofﬂine
mode using the forcing coming from the lowest model level of the 4 km regional climate simulations.
The dynamical downscaling technique is applied in this study using: (i) ERA-INTERIM re-analysis data
(Dee et al., 2011) for the last decade 2001–2010 representing present climate conditions, (ii) historical
global climate simulations from the CNRM-CM3 (Gibelin and Déqué, 2003) global circulation model,
for the last available decade 1990–1999 which is considered in this study to represent the 10-year
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for local policy makers, resulting from the IPCC SRES A1B scenario, allowing to estimate future climate
changes. Results from our simulations indicate the following:
Regional simulations
 For both minimum (T_MIN) and maximum (T_MAX) temperature, the model represents well the
absolute values and gradients present in the observations such as the orographic cooling in the
south eastern part of Belgium and the higher T_MAX values in the north eastern part due to sandy
soils. The biases values of monthly average minimum and maximum temperature for all stations
are mostly between [2 C; 2 C].
 For precipitation a clear orographic forcing is present, and the modeled values are in agreement
with the observed ones.
 The overall shape of the seasonal variability of cloud cover and precipitation is correctly repro-
duced by the model.
 Both on the monthly and yearly scale the model is able to correctly reproduce the large variability
and the overall bias is negligible.
Urban simulation for present climate
 For both Brussels and Paris, the nocturnal urban heat island (UHI_N) is positive throughout the
whole year and speciﬁcally increases during the warmer period with two maximums in April
and September and weaker values during the winter.
 The UHI_N is much higher than the daytime urban heat island (UHI_D) throughout the year for
both cities.
 The seasonal cycle for both UHI_N and UHI_D is more pronounced at the Uccle suburban station
than at the Paris-Montsouris station.
 Precipitation and cloud cover appear to explain much of the monthly variation in urban–rural tem-
perature differences over BCR and GPR.
Urban simulation for future climate
 Both the city center and rural areas of BCR and GPR warm substantially in response to greenhouse
induced climate change.
 The largest and statistically signiﬁcant change of the nocturnal (daytime) urban heat island
is noted during the winter (summer) season with an increase (decrease) of +0.2 C (0.1 C) for
both cities.
 During the summer, the decrease in the relative humidity over rural areas of BCR (4%) and GPR
(6%) correlate with the decrease of the daytime UHI in the future climate. These results are
directly connected to the soil drying over rural areas.
 The increase in the nocturnal UHI during the winter can be explained by the projected decrease of
wind speed.
All these results indicate that climate change will, on average, have a limited impact on the UHI
intensity. However, large impacts can be expected from the combination of urban development and
the potentially more frequent occurrence of extreme climatic events such as heat waves which will
be the subject of a subsequent work. Finally, one has to keep in mind that this is one regional climate
model coupled to one urban parameterization, and therefore, we cannot estimate the uncertainty of
the results with respect to alternative climate change pathways or to the global climate model.
Another inherent limitation of these simulations is that the urban areas are static, while, in the future,
urban areas are expected to increase in size. Therefore, there is a need to expand this study to include
socio-economic scenarios of land use and land cover change.
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